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Mark F.  Cant l ey  and Devendra Saha l  
ABSTRACT 
The e v o l u t i o n  of t e c h n o l o g i c a l  sys tems  h a s  s t r u c t u r a l  
s i m i l a r i t i e s  t o  t h e  e v o l u t i o n  o f  b i o l o g i c a l  systems,  i n  terms 
b o t h  o f  i n d i v i d u a l  u n i t s  and of groups  o r  o r g a n i z a t i o n s .  
Bonner 's  d e s c r i p t i o n  of b i o l o g i c a l  development i s  used:  t h e  
law of growth of t h e  c o n s t r u c t i v e  p r o c e s s e s ,  t h e  i n t e r n a l  and 
e x t e r n a l  c o n s t r a i n t s  on t h i s  growth,  t h e  r e s u l t i n g  changes  of 
form, d i f f e r e n t i a t i o n ,  s p e c i a l i z a t i o n  of  f u n c t i o n ,  and i n c r e a s e d  
complexi ty ,  are a l l  f e a t u r e s  common t o  developments in t h e  
b i o l o g i c a l  and t h e  t e c h n o l o g i c a l  f i e l d s .  Examples of  t h e  l a t t e r  
are d e s c r i b e d ,  from s e v e r a l  i n d u s t r i e s .  The p u r s u i t  of  economies 
o f  s c a l e  i l l u s t r a t e s  t h e  p a r a l l e l i s m  w i t h  t h e  b i o l o g i c a l  dev- 
elopment.  
The e v o l u t i o n  of t e c h n o l o g i c a l  c a p a b i l i t y  i s  seen  as a  
l e a r n i n g  p r o c e s s ,  i n  which in fo rma t ion  i s  a c q u i r e d ,  s t o r e d  and 
t r a n s m i t t e d .  In format ion  can be s t o r e d  i n  peop le ,  paper  ( o r  
e q u i v a l e n t s ) ,  o r  embodied i n  p h y s i c a l  p l a n t .  These s p e c i f i c a l l y  
human c a p a b i l i t i e s  d i f f e r e n t i a t e  l e a r n i n g  i n  t e c h n o l o g i c a l  
f i e l d s  from b i o l o g i c a l  e v o l u t i o n  by n a t u r a l  s e l e c t i o n ,  and open 
up more r a p i d  and e f f i c i e n t  means of i n fo rma t ion  o r  t echnology  
t r a n s f e r .  However, a l l  t h e o r e t i c a l  knowledge i s  of  s i g n i f i c a n c e  
o n l y  when t r a n s l a t e d  i n t o  p r a c t i c e ,  and l e a r n i n g  i t s e l f  o r i g i -  
n a t e s  i n  and depends on p r a c t i c e :  t h e r e  a r e  limits t o  t h e  
e f f e c t i v e  " s t o r a b i l i t y "  of  know-how, and s i m i l a r l y  t o  i t s  
t r a n s m i s s i o n .  A d i s t i n c t i o n  i s  drawn between "pr imary" ( d i r e c t )  
and "secondary"  ( d e r i v a t i v e ,  i n d i r e c t l y  t r a n s m i t t e d )  l e a r n i n g .  
The t e r n s  in t roduced  unde r ly  t h e  phenomenon known a s  
cumula t ive  e x p e r i e n c e ,  m a n i f e s t  i n  t h e  " l e a r n i n g  cu rve" .  
Learning,  however, i s  a  m u l t i - l e v e l  p r o c e s s ,  and l e v e l s  a r e  
d e s c r i b e d  a s  a  b a s i s  f o r  d i s t i n g u i s h i n g  t h e  type of l e a r n i n g  
or information transfer characteristic of each level; answering 
the Bela Gold question, "who learns what?" The intrinsically 
discrete nature of the learning process--a step-function rather 
than a curve--is illustrated by Waddington's data on aircraft- 
submarine attack performance. The capability possessed by an 
organization is described in terms of a network of capabilities. 
The final section discusses policy implications of the 
conceptual framework developed. 
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1.  INTRODUCTION 
D e c i s i o n s  are  b a s e d  on e x p e c t a t i o n s ,  e x p l i c i t l y  s t a t e d  or  
i m p l i e d .  The l e v e l  o f  e x p e n d i t u r e  d e v o t e d  by government  and 
i n d u s t r y  t o  r e s e a r c h ,  deve lopment  and  t e c h n o l o g i c a l  i n n o v a t i o n  
i m p l i e s  e x p e c t a t i o n s  o f  t a n g i b l e  e f F e c t s ,  b u t  t h e  academic  l i t e r a -  
t u r e  h a s  o f f e r e d  meagre  s u p p o r t  f o r  s u c h  e x p e c t a t i o n s ,  i n  terns 
o f  e x p l a n a t o r y  c a u s a l  mode l s .  D e s c r i p t i v e  case s t u d i e s  ( e . g . ;  
L a n g r i s h  e t  a l . ,  1 9 7 2 )  are v a l u a b l e  r a w  mater ia l ,  b u t  s y n t h e s i s  
and g e n e r a l i z a t i o n  have b e e n  l a c k i n g ;  and  i n  t h e  a b s e n c e  o f  
p r i o r  f o r m u l a t i o n  o f  some h y p o t h e s e s  or  c o n c e p t u a l  f ramework,  
case s t u d y  d e s c r i p t i o n s  o r  d a t a  c o l l e c t i o n  may o m i t  f a c t s  
r e l e v a n t  t o  the h y p o t h e s e s .  The a g g r e g a t i v e  q u a n t i t a t i v e  
s t u d i e s  o f  e c o n o m e t r i c  r e l a t i o n s h i p s  or e c o n o n i s t s '  p r o d u c t i o n  
f u n c t i o n s  have  been  r i g h t l y  c r i t i c i z e d  by Gold and c o l l e a g u e s  
(1977)  as q u i t e  i n a d e q u a t e  f o r  u n d e r s t a n d i n g  t h e  complex real-  
i t y  of  i n d u s t r i a l  dec i s ion-maklng  i n  the  c o n t e x t  o f  s p e c i f i c  
p r o d u c t s ,  p r o c e s s e s ,  t ines,  companies  and o t h e r  r e l e v a n t  c i r -  
c ~ ~ n s t a n c e s .  Gold r e v i e w s  tEie d i v e r s e  a n a l y t i c a l  f o c i  f r o n  
which t e c h n o l o g i c a l  i n n o v a t i o n s  g a y  b e  a s s e s s e d ,  p o i n t i n g  o u t  
t h a t  t h i s  
" . . . b r o a d  p e r s p e c t i v e  ... h e l p s  t o  e x p l a i n  t h e  c o n t i n u i n g  
a b s e n c e  o f  c o n v e r g e n c e  among p u b l i s h e d  e m p i r i c a l  s t u d i e s .  
I t  d e m o n s t r a t e s  t h e  need  t o  d e v e l o p  a f a r  more c o n p l e x  
s t r u c t u r e  o f  theore t ica l  e x p e c t a t i o n s  a l o n g  w i t h  more 
p e n e t r a t i n g  c o n c e p t s  t h a n  have  g u i d e d  t h e  f o r m u l a t i o n  o f  
p a s t  s t u d i e s . "  
T h i s  p a p e r  s e e k s  t o  o f f e r  some c o n c e p t s  as a basis f o r  
convergence  on m o d e l l i n g  t h e  e v o l u t i o n  o f  t e c h n o l o g i c a l  s y s t e m s .  
One s o u r c e  o f  the i d e a s  h e r e  h a s  a l r e a d y  been  p r e s e n t e d  ( S a h a l  
1 9 7 9 ) ,  b a s e d  o n  t h i s  aut11or's work a t  t h e  I n t e r n a t i o n a l  I n s t i -  
t u t e  o f  Nanagement, B e r l i n ,  and  p r e v i o u s l y .  The emphas i s  on 
t h e  r o l e  o f  s i z e  i n  t h i s  work h a s  n a t u r a l l y  c o n v e r g e d  w i t h  t h e  
program of  r e s e a r c h  on "P rob lens  of S c a l e "  which has  been 
under taken  a t  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  ~ p p l i e d  Systems 
Ana lys i s  (Can t l ey  and G l a s a l e v  1978) .  IIASA's June  1979 work- 
shop,  " S l z e  and P r o d u c t i v e  Efficiency- he ~ l d e r  I m p l i c a t i o n s "  
prov ided  a  r i c h  o p p o r t u n i t y  f o r  i n t e r - n a t i o n a l  and i n t e r -  
d i s c i p l i n a r y  exchange on t h e  s u b j e c t ,  a s  w i l l  be p a r t l y  e v i d e n t  
i n  t h e  works and a u t h o r s  c i t e d  below. 
I n  t h e  c o n c e p t s  p r e s e n t e d  below, we i d e n t i f y  common ground 
o r  r e l a t i o n s h i p s  between a  number of s e p a r a t e  s t r a n d s  of t hough t  
from v a r i o u s  d i s c i p l i n e s .  Fundamental t o  o u r  t h i n k i n g  a r e  t h e  
two dimensions  of  a t e c h n o l o g i c a l  system: i t s  p h y s i c a l  o r  
s p a t i a l  c h a r a c t e r i s t i c s ,  and i t s  dynamic e v o l u t i o n  o v e r  t h e .  
Gold has  r a i s e d  d o u b t s  ( o p . c i t . 1  about  t h e  f e a s i b i l i t y  of  
" g e n e r a l i z a t i o n s  which a r e  b o t h  w ide ly  a p p l i c a b l e  and a l s o  
d i r e c t l y  r e l e v a n t  t o  c r f t i c a l  e v a l u a t i v e  o r  decision-making 
i s s u e s " .  On t h e  o t h e r  hand, a good example of such a p p a r e n t l y  
s u c c e s s f u l  g e n e r a l i z a t i o n  has been t h e  widespread a p p l i c a t i o n  
o f  t h e  " l e a r n i n g  c u r v e "  concep t  d i s c u s s e d  below. T h i s  is  a  
g e n e r a l i z a t i o n  n o t  o n l y  well-documented by e m p i r i c a l  s t u d i e s  i n  
many i n d u s t r i e s  ( Y e l l e  1979, g i v e s  a  comprehensive r e v i e w ) ,  b u t  
promulgated w i t h  c o m e r c i a l  s u c c e s s  by c o n s u l t i n g  g roups  u s i n g  
it a s  t h e  c o r e  of  a  s t r a t e g y  fo rmula t ion  framework ( e . g . ,  s e e  
Hedley 1976 and 1 9 7 7 ) .  A t  t h e  IIASA workshop r e f e r r e d  t o ,  
" l e a r n i n g "  w a s  nuch i n  vogue,  t h e  term be ing  used w i t h  more 
b r e a d t h  t h a n  p r e c i s i o n ;  I n  s e e k i n g  t o  r e d r e s s  t h i s  s i t u a t i o n ,  
w e  borrow i n  o u r  t i t l e  t h e  s h a r p  r i p o s t e  Gold threw a t  t h e  
workshop: "Xho l e a r n s  what?" The a p p l i c a b i l i t y  of t h e  l e a r n i n g  
c u r v e  and t h e  n a t u r e  of  l e a r n i n g  i s  one f o c u s  of t h i s  p a p e r .  
We s e e  it a s  e s s e n t i a l ,  however, t o  s e t  it w i t h i n  t h e  c o n t e x t  
of  t h e  g e n e r a l  p a t t e r n  o f  growth and change o f  c a p a b i l i t i e s  
which c o n s t i t u t e  t h e  e v o l u t i o n  of a  t e c h n o l o g i c a l  sys tem.  Our 
usage o f  t h e s e  t e rms  i s ,  h o p e f u l l y ,  g r a d u a l l y  c l a r i f i e d  below: 
we s h a l l  d e l i b e r a t e l y  p u l l  t o g e t h e r  a  v a r i e t y  of r e l a t e d  o r  
s i m i l a r  t e r n s  used f o r  connon phenomena, bccause it is i n  
demons t r a t i ng  t h i s  u n d e r l y i n g  commonality t h a t  we s e e k  t o  
d i s p l a y  t h e  p o t e n t i a l  convergence,  from m u l t i p l e  d i s c i p l i n e s ,  
on a  common c o n c e p t u a l  framework. 
2 .  TECHNOLOGICAL INNOVATION AND THE GENERAL THEORY 
OF DEVELOPMENTAL PROCESSES 
- 
The r e c o g n i t i o n  t h a t  t h e  development and a p p l i c a t i o n  of a  
technology invo lves  a  l a r g e  number of in te r -connected  a c t i v i t i e s  
makes it easy  b u t  unhe lp fu l  t o  d e s c r i b e  t h i s  c o l l e c t i o n  of 
a c t i v i t i e s  a s  a  "system". It is only  when t h e  i n s i g h t s  d e r i v e d  
a t  t h i s  l e v e l  o f  a b s t r a c t i o n  l e a d  t o  new p r a c t i c a l  unders tanding ,  
and unders tanding  of  systems o t h e r  than  t h o s e  f i r s t  c o n s i d e r e d ,  
t h a t  t h e  a b s t r a c t i o n  j u s t i f i e s  i t s e l f .  
Von B e r t a l a n f f y ' s  p ioheer ing  work on  g e n e r a l  system theory  
(1 951 and 1968) was l a r g e l y  roo ted  i n  h i s  exper ience  of  b io logy ,  
i n  h i s  p e r c e p t i o n  of  under ly ing  s imilar i t ies  of s t r u c t u r e  and 
behavior  between widely d i v e r s e  b i o l o g i c a l  e n t i t i e s .  Of s i m i -  
l a r l y  fundamental  importance w a s  t h e  work of t h e  b i o l o g i s t  
D'Arcy Thompson (1917) ,  now conven ien t ly  e d i t e d  i n  Bonner 's  
abr idged  v e r s i o n .  Bonner himself  b u i l t  on t h e  work of  both  
t h e s e  p i o n e e r s  and on h i s  own e x t e n s i v e  r e s e a r c h e s ,  t o  g i v e  i n  
"Morphogenesis" (1952) a  s u c c i n c t  s t a t emen t  of a  g e n e r a l  model 
of t h e  p rocess  of development i n  b i o l o g i c a l  organisms. Although 
Bonner r e s t r i c t e d  h i s  g e n e r a l  model t o  t h e  f i e l d  o f  b io logy ,  w e  
f i n d  it remarkably a p p l i c a b l e  a t  l e a s t  a s  a  s t a r t i n g  p o i n t  f o r  
model l ing t e c h n o l o g i c a l  systems. S ince  Sahal  (1979) h a s  
publ i shed  a  c l e a r  d e s c r i p t i o n  of t h i s  g e n e r a l  theory  of develop- 
mental  p r o c e s s e s ,  w e  s h a l l  summarize it h e r e  b r i e f l y  a s  ou r  
s t a r t i n g  p o i n t ,  omi t t ing  any of  t h e  b i o l o g i c a l  examples wi th  
which it has  a l r e a d y  been thoroughly i l l u s t r a t e d  i n  t h a t  s c i e n c e  
by t h e  a u t h o r s  c i t e d .  Our purpose i s  t o  proceed s t r a i g h t  t o  
demonst ra t ing  i t s  a p p l i c a b i l i t y  t o  t e c h n o l o g i c a l  systems,  w i t h  
examples; t hen  t o  c o n s i d e r  some of  t h e  s i g n i f i c a n t  r e s p e c t s  i n  
which t e c h n o l o g i c a l  and b i o l o g i c a l  systems d i f f e r ;  and u l t i m a t e l y  
t o  d e r i v e  p o l i c y  i m p l i c a t i o n s  f o r  t h e  management of t e c h n o l o g i c a l  
systems. 
Development i s  s e p a r a t e d  by Bonner i n t o  two broad ca tego-  
r ies :  
" t h e  ' c o n s t r u c t i v e '  p r o c e s s e s  and t h e  ' l i m i t i n g '  p r o c e s s e s .  
The f o r m e r  are  a l l  t h o s e  which  t e n d  t o  b u i l d  up ,  which  are 
p r o g r e s s i v e ,  and  t h e  l a t t e r  t h o s e  which  c h e c k ,  g u i d e ,  and 
c h a n n e l  t h e  c o n s t r u c t i v e  p r o c e s s e s .  ... Of t h e  c o n s t r u c t i v e  
p r o c e s s e s  three seem e s p e c i a l l y  n o t e w o r t h y :  g r o w t h ,  morpho- 
g e n e t i c  movements, and d i f f e r e n t i a t i o n .  Growth w i l l  b e  
u s e d  h .e re  i n  t h e  s e n s e  o f  a n  i n c r e a s e  i n  matter; it i n -  
v o l v e s  t h e  i n t a k e  o f  e n e r g y  and t h e  s t o r i n g  some of t h a t  
e n e r g y  by s y n t h e s i s  ... may b e  r e f l e c t e d  i n  c h a n g e s  i n  s i z e  
o r  w e i g h t .  . . Morphogene t i c  movement. . . g i v e s  r i se  t o  c h a n g e s  
i n  form. .. D i f f e r e n t i a t i o n  is  a n  i n c r e a s e  i n  t h e  d i f f e r -  
e n c e s  o f  p a r t s  of a n  o r g a n i s m  which o c c u r s  be tween o n e  
t i m e  d u r i n g  deve lopment  and a n o t h e r  t i m e . .  . 
The l i i n i t i n g  o r  c h e c k i n g  p r o c e s s e s  are  h a r d e r  t o  c l a s s i f y ,  
a l t h o u g h  i n  a g e n e r a l  way w e  f i n d  t h a t  t h e r e  are e x t e r n a l  
l i m i t i n g  f a c t o r s  and i n t e r n a l  o n e s .  The e x t e r n a l  o n e s  
v a r y  g r e a t l y  f rom s u c h  matters as m e c 5 a n i c a l  stress t o  
f o o d  s u p p l y  l i m i t s ,  matters which o f t e n  are a f f e c t e d  by 
t h e  s i z e  o f  t h e  o r g a n i s n .  The i n t e r n a l  l i m i t s  a l s o  
v a r y .  . . " 
Bonner c o n t i n u e s  t o  e l a b o r a t e  c o n c e p t s  of t h e  deve lopment  
p r o c e s s ,  and  a l t h o u g h  h i s  t e r m i n o l o g y  and h i s  case material i s  
e x c l u s i v e l y  b i o l o g i c a l ,  o n e  c a n  w i t h o u t  a n y  s e n s e  o f  f o r c i n g  
t h e  a n a l o g y  t r a c e  a c l o s e  p a r a l l e l i s m  w i t h  t e c h n o l o g i c a l  
deve lopment .  H e  re la tes  h i s  work a l s o  t o  e v o l u t i o n  and t o  
phylogeny:  
"We t e n d  i n  o u r  minds  t o  t h i n k  o f  i n d i v i d u a l s  o f  a 
s p e c i e s  a s  a n  o b j e c t  i n  a n  i n s t a n t  o f  t i m e  ... But t h e  
l o g i c i a n s  have  o f t e n  p o i n t e d  o u t  t h a t  [ t h e  i n d i v i d u a l ]  
m i g h t  more c o r r e c t l y  r e f e r  t o  some l o n g e r  segment  of  
t i m e  . . .  Any o r g a n i s m  is a l i v i n g  o b j e c t  t h a t  a l t e r s  
th rough .  t h e  c o u r s e  o f  t i m e  by deve lopment ,  and t h e  
i n d i v i d u a l  m i g h t  b e  d e f i n e d  as  t h e  whole o f  t h e s e  t ime-  
s p a c e  e v e n t s .  Such a  p r o c e d u r e  would n o t  o n l y  p l e a s e  t h e  
p h i l o s o p h e r s ,  b u t  a l s o  d o v e t a i l  n e a t l y ' w i t h  d e  B e e r ' s *  
n o t i o n  o f  e v o l u t i o n .  For  h e  q u i t e  r i g h t l y  s a y s ,  phylogeny 
i s  n o t  me re ly  a sequence  o f  v a r i e d  a d u l t s ,  b u t  a s equence  
of v a r i e d  i n d i v i d u a l s  i n  t h e  b road  s e n s e  u sed  h e r e . "  
I n  t r a n s l a t i n g  the b i o l o g i s t s '  model of development  t o  t h e  
t e c h n o l o g i c a l  c o n t e x t ,  w e  s h a l l  s i m i l a r l y  be  concerned  b o t h  w i t h  
t h e  e v o l u t i o n  o f ,  s a y ,  an  i n d i v i d u a l  p r o d u c t i o n  u n i t  o r  p l a n t ;  
and w i t h  the e v o l u t i o n  o f  t h e  class o f  a l l  s u c h  i n d i v i d u a l s  a s  
s u c c e s s i v e  o n e s  are deve loped  o v e r  time. 
I W e  are c o n s c i o u s  t h a t  ar t i s t s ,  e n g i n e e r s  and d e s i g n e r s  I have l o n g  drawn on n a t u r e  and b i o l o g y  f o r  b o t h  g e n e r a l  p a t t e r n s  I and d e t a i l e d  t e c h n i q u e s .  Our a im i s  t o  draw c e r t a i n  s t r u c t u r a l  I p a r a l l e l s  i n  p r e c i s e  t e r m s ,  and t o  c o n s i d e r  a l s o  t h e  lh i ts  of I the p a r a l l e l i s m  and the key d i f f e r e n c e s ,  between b i o l o g i c a l  and I t e c h n o l o g i c a l  sy s t ems .  A s  examples  of t h e  r e l e v a n c e  of  t h e  
b a s i c  Bonner model o f  development  as growth ,  morphogenes i s  and  
d i f f e r e n t i a t i o n ,  w e  can  c i t e  two of G o l d ' s  p o i n t s .  H e  c r i t i c i z e d  
t h e  c o n f u s i o n  between " s i z e "  and  " s c a l e "  a t  t h e  IIASA workshop 
r e f e r r e d  t o ,  p o i n t i n g  o u t  tha t  " s i z e "  was i n c r e a s e d  by mere 
a d d i t i o n  and a c c u m u l a t i o n  (i. e . ,  Bonner ' s  "growth")  , b u t  t h a t  
a n  i n c r e a s e  o f  s c a l e  p r o p e r l y  i m p l i e d  a r e -de s ign  of  t h e  fo rm 
of t h e  p l a n t  ( i . e . ,  B o n n e r ' s  "morphogenes i s " ) .  On t h e  q u e s t i o n  
of s c a l e ,  Gold ( 1  974) has p r e v i o u s l y  emphasized that  " s c a l e  
economies a r e  d e r i v e d  from t h e  i n c r e a s i n g  s p e c i a l i z a t i o n  o f  
f u n c t i o n s " ,  and hence  s u g g e s t s  t h a t  " s c a l e  be  d e f i n e d  a s  t h e  
l e v e l  o f  p l anned  p r o d u c t i o n  c a p a c i t y  w h i c h ' h a s  d e t e r m i n e d  the 
e x t e n t  t o  which s p e c i a l i z a t i o n ' h a s  been  a p p l i e d  i n  t h e  sub- 
d i v i s i o n  o f  t h e  component t a s k s  and f a c i l i t i e s  of a  u n i f i e d  
o p e r a t i o n " .  T h i s  d e s c r i p t i o n  a g a i n  t a l l i e s  w i t h  t h e  s p e c i a l i z a -  
t i o n  o f  f u n c t i o n  which  Bonner summarizes by t h e  term, 
" c l i f f e r e n t i a t i o n " .  
I n  t h e  f o l l o w i n g  s e c t i o n ,  w e  c i t e  s p e c i f i c  t e c h n o l o g i c a l  
i l l u s t r a t i o n s  o f  t h e  deve lopment  t h e o r y  o u t l i n e d  above .  I n  
s e c t i o n  4 ,  w e  t u r n  o u r  a t t e n t i o n  t o  " l e a r n i n g " .  T h i s  t e rm  
embraces p r o c e s s e s  of a c q u i r i n g ,  s t o r i n g  and t r a n s m i t t i n g  
capability, and in considering these functionsi some significant 
differences between technological and biological systems will 
be explored. 
3. ILLUSTPATIONS OF TECFNOLOGICAL EVOLUTION 
In the evolution of a technological unit or the system of 
which it forms a part, physical size or output capacity is a 
conveniently measurable and conspicuous aspect of growth. The 
growth itself, however, is motivated not by the desire for 
increased size -- per se, but by the pursuit and coxpetitive . 
"natural" selection of fitness for purpose--measurable in terms 
of various functional parameters relevant to survival in the 
wider system. One therefore typically observes, for any chosen 
parameter of functional significance, a nonotonic improvement 
in performance. 
Sahal (1978) has documented the increase in fuel efficiency 
of farm tractors throughout this century, relating it particu- 
larly to the cumulative number of tractors produced. During the 
turbulent competitive history of this industry in the U.S., 
many technological changes were brought in. At each point, the 
continuation of a line of development eventually encountered a 
limiting process, internal or external. By ingenuity and re- 
design, each limit could eventually be overcome, by some 
suitable evolution of design; and as with natural selection, 
there were many more variants than ultimately survived the test 
of competitive viability. Generally speaking, the limits were 
overcome at the cost of some increase in complexity. 
Lee (1977) describes a similar process in the context of 
electric power transmission lines: 
"History tells us that as we move to higher voltage levels, 
new technical problens may surface. Below 345 kv, lightning 
used to be the controlling factor for insulation design. 
At 500 kv, switching surge took over that role. At 765 kv, 
we found a new problen--audible noise--and at 1,100 kv, 
another--electrostatic induction. We do not know at this 
time what problen will appear at voltages higher than 
1,500 kv. On the other hand, history also shows that as 
these problems were discovered, solutions were found to 
preserve the economy of scale. For example, addition of 
a relatively inexpensive resistance and switch in 500 kv 
circuit breakers preserved the economic attractiveness of 
500 kv transmission. Whether this trend will continue, 
no one can tell. But unless economics shows that higher 
voltage is more beneficial, I don't believe that anyone 
will move to higher transmission voltages just for the 
sake of change. " 
The limiting processes, as Bonner observes, may be inter- 
nal or external. Many examples of "internal" constraints are 
manifestations of the familiar fact that, as size increases, 
not all functional capabilities will increase in constant 
proportion. The simplest illustration is that surface areas 
increase as the square and volumes as the cube of the linear 
dimensions. Different functions will bear different relation- 
ships io these geometrical characteristics. 
Fossil-fuelled electricity generating plants have over the 
100-year evolution of their technology achieved great increases 
in both physical and economic efficiency. During the post-war 
years, the advantages of larger scale plants were perceived and 
achieved, aid the scale of unit ordered in the U.K. increased 
from 30 and 60 MW up to 1950, to 200 MW by 1953 and 660 MW by 
1966 (Abdulkarim and Lucas 1977). Similar development in the 
U.S.A. and elsewhere achieved units with ratings in excess of 
1000 MW. In summarising this development rapidly, we should 
not oversimplify the engineering problems involved in this 
scaling up. There were many examples where scaling up the 
physical size encountered a barrier on some function or 
component capability: such as the cooling of bearings, the 
strength of turbine blades, or the alignment of the shaft. A 
significant constraint was the weight of the rotor: single 
loads greater than 160 tons could not be handled by the 
transport system from factory to site. Maximum weight and 
size limits on transportability continue to determine which 
units of plant, in any part of the process industries, have 
to be site-fabricated rather than factory made. Clearly, the 
transportability limit is an example of Bonner's external con- 
straints on growth, being imposed by the environment. 
The solution to this particular constraint has already 
been referred to: on-site fabrication. However, this has 
significan* technical disadvantages--the quality and ease of 
assembly work achievable in a factory environment is not read- 
ily replicated under field conditions. The growth of scale 
of generating unit has been shown by Fisher (1978) to be 
clearly and positively related to an increase in construction 
period--see Figure 1. 
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Figure 1. Scale of fossil-fired generating unit and 
construction tine. 
Source: Fisher 1978. 
Similarly for chemicals, Woodhouse et a1 (1974) give the 
following figures for olefin plants (quoted in Cantley 1979): 
Size of plant Construction Period 
(tons of ethylene/year) (months) 
300,000 30 
4~0,000 36 
a 900,000 42 
These examples illustrate how the basic pattern of growth, 
originally pursuing efficiency by increase of size, progres- 
sively encounters a succession of internal and external con- 
straints. Overcoming these constraints is achieved by changing 
the form as well as the size, i.e., morphogenetic movement. 
This is typically towards greater complexity, specialization of 
function, and differentiation. However, the increased complex- 
ity, the pushing of components and constituent materials closer 
to the limits of their capabilities, will inevitably lead to 
some loss of reliability, as is all too clear from the figures 
quoted by Anson: 
Table 1. Availability and forced outage rate by size groups, 
10 year average, fossil fired power plant. 
Unit size Average availability Average forced outage 
rate 
- - - - - 
60-89 91.7 2.0 
90-1 29 88.3 3.5 
130-199 89.0 3.3 
200-389 85.9 4.9 
390-599 79.6 78.9 8.9 9.5 
600 and larger 72.9 73.3 16.5 15.8 
Source: Edison Electric Institute. Report on Equipment 
Availability for the ten-year periods 1964-1973 and 
1965-1974. 
I n  t h e  chemical  i n d u s t r y ,  disenchantment  w i t h  t h e  ve ry  
l a r g e  s c a l e  p l a n t s  h a s  n o t  y e t  been s o  c l e a r l y  documented. 
However, t h e  long c o n s t r u c t i o n  t i m e s  l e a d  t o  u n c e r t a i n t i e s  i n  
f o r e c a s t i n g  and p lann ing  t h e s e  l a r g e  d i s c r e t e  a d d i t i o n s  t o  
c a p a c i t y ,  t h u s  e x a c e r b a t i n g  t h e  problems of c y c l i c a l  over -  
c a p a c i t y .  Fr iedman(l977)  a l s o  a rgues  t h e  need f o r  chemical  
e n g i n e e r s  t o  r e t h i n k  some of t h e i r  d e s i g n s  on s c a l i n g  up: a s  
he p o i n t s  o u t ,  beyond a  c e r t a i n  d i ame te r ,  it becomes more appro- 
p r i a t e  t o  view a p i p e  as " a  l a r g e  p r e s s u r e  v e s s e l  of p e c u l i a r  
geometry. T h i s  q u e s t i o n  i n p l i e s  t h e  use  of a  d i f f e r e n t  d e s i g n  
d i s c i p l i n e " .  Deal ing  wi th  t h e  problem of  s i t e  f a b r i c a t i o n  and 
extended c o n s t r u c t i o n  t i m e s ,  Malpas (1978) has  advocated f a c t o t y -  
b u i l t  modular c o n s t r u c t i o n  of  s t a n d a r d i z e d  u n i t s .  
I n  h i s  paper  a t  IIASA, F i s h e r  (1979) s i m i l a r l y  concludes  
by a rguing  f o r  a  r e t r e a t  from t h e  maximum s c a l e  u n i t s ,  and 
c o n c e n t r a t i o n  i n s t e a d  on thedevelopment and product ion  of  a  
s t a n d a r d i z e d  des ign  which would b e n e f i t  from t h e  dynamic eco- 
nomies o f  s c a l e  of t h e  l e a r n i n g  curve .  
Na tu ra l  s e l e c t i o n  no doubt  fouiid r e a s o n s  f o r  a  t i m e  t o  
f avor  t h e  d i n o s a u r ,  a s  t h e  f i t t e s t  t o  s u r v i v e  i n  c e r t a i n  con- 
d i t i o n s ;  b u t  i n  t h e  longe r  term, t h e  more modestly s i z e d  
c r e a t u r e s  have proved more p e r s i s t e n t  and a d a p t a b l e  under t h e  
changing environmental  p r e s s u r e s .  Moreover, t h e  f a c t  t h a t  a  
g r e a t e r  number is  s u p p o r t a b l e  o f  s p e c i e s  of s m a l l e r  biomass 
i t s e l f  enhances t h e  o p p o r t u n i t y  t o  evolve  b e t t e r - a d a p t e d  
d e s i g n s ,  a  p o i n t  which d i d  n o t  e scape  Darwin i n  "The Or ig in  of 
t h e  Spec ies"  : 
" . . . A  g r e a t  amount of v a r i a b i l i t y ,  under which term 
i n d i v i d u a l  d i f f e r e n c e s  a r e  always inc luded ,  w i l l  e v i d e n t l y  
be  f a v o r a b l e .  A l a r g e  number of i n d i v i d u a l s ,  by g i v i n g  
a  b e t t e r  chance w i t h i n  any g iven  pe r iod  f o r  t h e  appearance 
of  p r o f i t a b l e  v a r i a t i o n s ,  w i l l  compensate f o r  a  l e s s e r  
amount of v a r i a b i l i t y  i n  each i n d i v i d u a l ,  and i s ,  I b e l i e v e ,  
a h igh ly  impor tan t  element of success .  Though Nature  
g r a n t s  long p e r i o d s  of t i m e  f o r  t h e  work of n a t u r a l  s e l e c -  
t i o n ,  s h e  does n o t  g r a n t  a n  i n d e f i n i t e  p e r i o d ;  f o r  a s  a l l  
organic beings are striving to seize on each place in 
the economy of nature, if any one species does not become 
modified and improved in a corresponding degree with its 
competitors, it will be exterminated. Unless favorable 
variations be inherited by some, at least, of the off- 
spring, nothing can be affected by natural selection. The 
tendency to reversion may often check or prevent the work; 
but as this tendency has not prevented man from forming, 
by selection,numerous domestic races, why should it pre- 
vail against natural selection?" 
This is close in concept to the "learning curve1' in technol- 
ogical systems, whereby the group (company, factory) with 
greatest cumulated production experience can achieve the 
greatest production efficiency, presumably because they have 
had the largest number of opportunities to refine and improve 
both their product and their production process. Thus the 
changing scale of successive versions of a technological unit 
should be seen not as a collection of static alternatives, but 
as points on a continuum of the development process. The 
"dynamic scale" effect is further discussed below, but at this 
point two caveats will be noted. Firstly, the successive im- 
provements associated with cumulatively increasing experience 
will not happen inevitably; the experience creates the potential 
for improvement, but its realization depends upon the presence 
of sufficient pressure, competitive or otherwise (a point 
stressed in conversation by John Grant of ICI Ltd.) Again, the 
achievement of success creates a complacency which reduces the 
readiness to innovate, because of the conditioning effect of 
the established technology. When major challenges emerge from 
some unexpected direction, the initial response is typically 
redoubled effort within the familiar technology. Utterback 
(1978) and with Abernathy (1978) have documented this phenomenon 
in a number of industries. 
4. LEAXhIIMG AND DOING: THE ACQUISITION. STOR9GE AND 
- - 
TRANSMISSION OF CAPABILITY 
4.1 Introduction 
The biological mechanisms for the storage and transmission 
of capability in the form of complex chemical molecules are 
remarkable structures, exceeding in their subtlety the most 
sophisticated information-storage artifacts. But these mecha- 
nisms are embedded in individuals and species, subject to the 
constraints and time-lags of natural selection in their ability 
to transmit and enhance the "wisdom" of the species. The 
evolution of the capability for memory and language enormously 
amplifies the potential for information storage and transmis- 
sion, and it is in these respects that the human species has 
most significantly overcome the constraints of biology. More- 
over, we have learned to disembody capability from individual 
brains and bodies, and to transmit and store information in- 
dependently of them. One might qualify this by recalling 
Planck's observation, that the rate of acceptance of radical 
new ideas in physics was simply related to the mortality of 
established experts--our learning methods have not wholly 
escaped biological or sociological constraints. 
In considering learning and the transfer or increase of 
capability, we confront a complex phenomenon, in which some 
simple terms and definitions may.aid discussion. The following 
sections introduce the concepts of "primary" and "secondary" 
learning; and the multiple "levels" on which learning can take 
place. 
4.2 "Primary" and "Secondary" Learning: 
People, Paper and Plant 
Learning in the sense of "know-how", of capability to do 
something, may exist in people, be recorded on paper (or other 
media), or embodied in physical plant; or in combinations of 
these three. We shall use the term "primary" learning for that 
which depends predominant ly  o r  e x c l u s i v e l y  on d i r e c t  e x p e r i e n c e  
accumulated i n  t h e  human b r a i n , . v i a  i n f o m a t i o n  t r a n s m i t t e d  
through any o r  a l l  of  t h e  p h y s i c a l  s e n s e s ,  b u t  p a r t i c u l a r l y  
v i s u a l ,  t a c t i l e ,  t h e  sense  of .weight,  ba l ance ,  movement and 
similar p h y s i c a l  s e n s a t i o n .  Learning t o  r i d e  a b i c y c l e ,  t o  
swim, o r  t o  t i g h t e n  a n u t  a r e  t h r e e  i n s t r u c t i v e  examples. I t  
i s  almost i m p o s s i b l e  t o  convey i n  words in fo rma t ion  which would 
s i g n i f i c a n t l y  a c c e l e r a t e  t h e  b a s i c  p r o c e s s  of l e a r n i n g  t o  r i d e  
a b i c y c l e .  I n  l e a r n i n g  t o  swim, t h e  r o l e  of communicable 
in fo rma t ion  i s  r a t h e r  higher-- the  arm and l e g  movements f o r  
e f f e c t i v e  p r o p u l s i o n  can  be  d e s c r i b e d  i n  ways which w i l l  accel- 
e r a t e  l e a r n i n g .  The p r o v i s i o n  of  " p l a n t "  such as c o r k  f l o a t s  
may a c c e l e r a t e  t h e  a c q u i s i t i o n  of  t h e  n e c e s s a r y  c o n f i d e n c e ,  
and performance can  be f u r t h e r  a m p l i f i e d  by f l i p p e r s .  Tighten-  
ing  a n u t  i s  a g a i n  a n a l y t i c a l l y  f a i r l y  d e s c r i b a b l e ,  though i n  
i n d u s t r i a l i z e d  s o c i e t i e s  t a k e n  l a r g e l y  f o r  g ran ted- - inc luding  
t h e  g e n e r a l  assumption o f  r ight-hand t h r e a d s ;  t h e  t o r q u e  i s  a 
matter of  " f e e l "  which i s  more d i f f i c u l t  t o  p u t  i n  words,  and 
where it i s  c r i t i c a l ,  i s  p a r t l y  coded and p a r t l y  automated by 
t h e  p r o v i s i o n  o f  a t o r q u e  wrench. 
I n  t h e s e  s imp le  examples,  we have a l r e a d y  encountered  t h e  
t h e e  b a s i c  forms of  s t o r i n g  o r  t r a n s m i t t i n g  c a p a b i l i t y .  We 
d e s c r i b e  as " p r i n a r y "  t h e  l e a r n i n g  p r o c e s s e s  of  human be ings  
a c q u i r i n g  t h e  " f e e l "  of  a  t a s k  by doing  it. T h i s  sounds l i k e  
an " i n d i v i d u a l "  p a t t e r n  of  l e a r n i n g .  However, p e o p l e a r e  n o t  
o n l y  s e l f - t e a c h i n g  e n t i t i e s ,  b u t  can a l s o  t r a n s m i t  t h e i r  
unde r s t and ing  t o  o t h e r  peop le  by example and by language ,  where 
t h e  l a t t e r  i s  common. Given t h a t  t h e s e  a c t i v i t i e s  a r e  a l s o  
h i s t o r i c a l l y  t h e  most t r a d i t i o n a l  and a n c i e n t  methods o f  
t r a n s m i s s i o n ,  w e  i n c l u d e  them a l s o  as "pr imary"  t r a n s m i s s i o n  
of  c a p a b i l i t y .  
The s t o r a g e  of  c a p a b i l i t y  i n  a  form independent  of t h e  
con t inued  p re sence  o f  i t s  i n i t i a t o r - - i n  w r i t i n g ,  d iagrams,  o r  
computer ized i n f o r m a t i o n ,  f o r  example--demands a code.  Hence 
a l s o  encoding a b i l i t y  on t h e  p a r t  o f  t h e  o r i g i n a t o r ,  and 
decoding a b i l i t y  on the p a r t  of  subsequent  u s e r s .  Within  
groups  o f  peop le  o f  c o m o n  background,  e d u c a t i o n  and c u l t u r e ,  
much o f  t h e  code may be  assumed as c o m o n  p r o p e r t y .  The g r e a t e r  
t h e  d i f f e r e n c e s  i n  t h e s e  r e s p e c t s  between t h e  o r i g i n a t o r s  and 
users ,  t h e  more e x p l i c i t l y  t h e  v a r i o u s  codes  and t e r m s  may have 
t o  b e  e l a b o r a t e d ,  and t h e  g r e a t e r  w i l l  be t h e  d e l a y  o r  e f f o r t  
r e q u i r e d  t o  recreate i n  t h e  r e c i p i e n t s  t h e  c a p a b i l i t y  pos se s sed  
by t h e  o r i g i n a t o r s .  The re  i s  no r e a s o n  i n  p r i n c i p l e  why t h e  
d e g r e e  of  d i f f i c u l t y  and d e l a y  shou ld  n o t  be  q u a n t i t a t i v e l y  
d e s c r i b a b l e  f o r  any g i v e n  s k i l l ,  g iven  s u f f i c i e n t  e m p i r i c a l  
s t u d y .  A t  t h e  r e c e i v i n g  end of coded i n f o r m a t i o n ,  t h e  c r e a t i o n  
o f  c a p a b i l i t y  depends  n o t  o n l y  on  t h e  decoding  i t s e l f ,  b u t  on 
t h e  c o n v e r s i o n  o f  t h e  i n f o r m a t i o n  t h u s  conveyed back i n t o  
pr imary l e a r n i n g .  
The p o i n t s  which w e  a r e  l a b o r i n g  may a p p e a r  obv ious ,  t h e  
t e rmino logy  o v e r - e l a b o r a t e ,  f o r  t h e  f a m i l i a r  acts  of  l e a r n i n g .  
They are less obv ious ,  however, when w e  c o n s i d e r  such  i s s u e s  
as t e chno logy  t r a n s f e r  between i n d u s t r i a l i z e d  and p r i m i t i v e  
s o c i e t i e s ,  o r  t h e  d e s i g n  of  p o l i c i e s  and sys tems  f o r  t e c h n i c a l  
e d u c a t i o n ,  o r  mid-career  r e t r a i n i n g  f o r  i n d i v i d u a l s .  F o r e s  and 
Sorge ( 1 9 7 8 )  go s o  f a r  a s  v i r t u a l l y  t o  d i s p u t e  t h e  f e a s i b i l i t y  
of  any e f f e c t i v e  t r a n s f e r  o f  t e c h n o l o g i c a l  c a p a b i l i t y  o t h e r  
t h a n  t h a t  based  on d i r e c t  e x p e r i e n c e ,  o r  " p r i n a r y "  l e a r n i n g  i n  
o u r  t e r m s  : 
". . .a  more f i t t i n g  model i s  t h a t  of homo f a b e r ,  t h e  maker 
o f  a r t i f a c t s ,  who a r r i v e s  a t  h i s  p r o d u c t s  t h rough  a long  
h a u l  o f  p rob ing  e f f o r t  which i s  n o t  gu ided  by formal  know- 
l e d g e ,  b u t  i n t u i t i v e  p a s t  e x p e r i e n c e  ... Man does  n o t  
p r i m a r i l y  l e a r n  what i s  f o r m a l l y  impar ted  t o  him i n  w r i t t e n  
o r  o r a l  d i s c o u r s e ,  b u t  what  he is  a c t u a l l y  made t o  p r a c t i s e .  
I t  i s  n o t  r e s u l t s ,  laws o r  f i n d i n g s  which s t i c k  i n  p e o p l e ' s  
minds and i n c r e a s e  t h e i r  competence,  b u t  t h e  methods t h e y  
a c t u a l l y  p u t  i n t o  p r a c t i c e ,  t h e  o b j e c t s  t h e y  l a y  t h e i r  
hands on ,  and t h e  s k i l l s  t h e y  a c q u i r e .  Formal knowledge 
h a s  v a l u e  o n l y  i n s o f a r  a s  it i s  c l o s e l y  l i n k e d  w i t h  t h e s e  
p r o c e s s e s .  I1 
Having described primary learning and transmission (people), 
and coded transmission (paper), we turn thirdly to embodied 
know-how in the form of physical plant or tools. The clear 
trend in manufacturing methods in industrialized socieites has 
been towards the increased sophistication of equipment in terms 
of theamount of information-handling capability incorporated in 
physical form. Automation not only displaces physical labor 
by human beings, but also the need for mental knowledge; jobs 
can be de-skilled, as when the torque wrench replaces the 
"feel" of the experienced fitter. This facilitates the learning 
process; how for the "de-skillingnhas adverse behavioral effects 
cn the quality of work is beyond the scope of this paper, though 
potentially quite relevant, as a possible "internal" limitation 
on the feasible development in this direction. Certainly the 
readiness rapidly to absorb previously alien artifacts and 
systems has been a characteristic conducive to economic success, 
as in post-war Japan's not merely learning from American tech- 
nology but going on to inprove upon it. Spencer (1970) gives 
the following description: 
"As in any other nation, developments in Japan are a 
complex of many factors, but what stands out even on 
casual examination is its postwar technology policy. In 
simplest terms, this is a discriminating policy of borrow- 
ing technology or technological systems whenever these 
appear more effective than the old Japanese system. This 
policy is changing today as Japan's leaders become more 
aware of the need for indigenous research and development. 
But until recently, the Japanese policy was simply to 
borrow the technology intelligently and efficiently. For 
one illustration, the American military presence in Japan 
during the postwar period provided a distinct demonstra- 
tion effect and opportunity to borrow through its 
management-oriented, research-based technology which had 
defeated Japan. As Japan had done on previous occasions, 
a large scale take-over of the foreign system occurred. 
Beginning as humble and slavish imitators, the Japanese 
took the latest technology and made it an instrument of 
home production and exports. Gradually they absorbed and 
made it their own by improvements and additions until often 
the Japanese product was the best in the world. Further- 
more, though the Japanese demonstrated remarkable flexi- 
bility in bringing in the new systems, they were able to 
preserve the ongoing Japanese way of life in essential 
ways which were not threatened by the influx of innovation." 
Secondary learning is that which derives from primary, and 
is distinguished from it partly by being conducted separately 
in physical terms, but more importantly by its emphasis on 
(a) the development of understanding 
(b) the emphasis on simplification, coding and generali- 
zation. 
These are, however, means rather than ends. The objective of 
understanding, coding and generalizing is to aid the primary 
learning process both by condensing it and by amplifying the 
range of capability acquired. The amplification has two 
dimensions. Firstly, the lessons learned through practice are 
shown, through experimentation and investigation directed 
towards the increase of understanding, to have wider applica- 
bility than the original context in which they were developed. 
Secondly, the encoding and systematizing of the developed 
understanding is designed to facilitate its teaching, transmis- 
sion and storage. If effective, this enables the lessons orig- 
inally learned in one location to be rapidly and widely dis- 
seminated; thus amplifying the application of the primary 
learning. 
Thus the secondary learning has a vital role to play in 
the acceleration and diffusion of technological learning; but 
it starts from and returns to the processes of primary learning. 
As Mao Tse Tung ( 1 9 3 7 )  precisely expresses it: 
"If you want to acquire knowledge you must take part in 
the practice of changing reality. 
I£ we have a correct theory, but merely talk about itr 
lay it aside, and fail to put it into practice, then 
that theory, however good, has no importance. 
Knowledge b e g i n s  w i t h  p r a c t i c e ,  r e a c h e s  t h e  t h e o r e t i c a l  
l e v e l  t h r o u g h  p r a c t i c e ,  and t h e n  r e t u r n s  t o  p r a c t i c e . "  
4 . 3  L e a r n i n g  and Doing 
I n  d i s c u s s i n g  t h e  g rowth  o f  p h y s i c a l  s c a l e  a s  o n e  method 
o f  e n h a n c i n g  p e r f o r m a n c e  c a p a b i l i t y ,  w e  w e r e  l e d  t o  r e c o g n i z e  
also  t h e  dynamic a s p e c t  of c a p a b i l i t y :  c u m u l a t i v e  e x p e r i e n c e  
may b e  as i m p o r t a n t  a f a c t o r  a s  l a r g e - s c a l e  p l a n t .  R e l a t i n g  
c a p a b i l i t y  t o  c u m u l a t i v e  e x p e r i e n c e ,  r a t h e r  t h a n  t o  embodied 
know-how i n  t h e  f o m , o f  c a p i t a l  equ ipment ,  r e c o g n i z e s  t h e  r o l e  
o f  " l e a r n i n g  by d o i n g " .  A f a m i l i a r  form o f  t h i s  i s  t h e  
" l e a r n i n g  c u r v e " ,  or  " e x p e r i e n c e  c u r v e " ,  d i s c u s s e d  below. 
The c e n t r a l  c o n c e p t  o f  t h e  e x p e r i e n c e  curve .  i s  a k i n  t o  t h e  
s t a t e m e n t  o f  Mao T s e  Tung, q u o t e d  above ,  a b o u t  knowledge and 
p r a c t i c e .  The c o n c e p t  o f  c a p a b i l i t y  and p r a c t i c e  b e i n g  insepa-  
r a b l e  h a s  many i m p l i c a t i o n s  f o r  t e c h n o l o g i c a l  and i n d u s t r i a l  
s t r a t e g y .  F o r  example ,  a  l o n g - s t a n d i n g  argument  ( u s e d ,  f o r  
example,  i n  t h e  U n i t e d  S t a t e s  by L i s t  and Carey i n  t h e  mid- 
n i n e t e e n t h - c e n t u r y - - s e e  C a l l e o  and Rowlands 1 9 7 3 )  i s  t h a t  
i n d u s t r i a l  c a p a b i l i t y  o f  a  n a t i o n  mus t  b e  p r e s e r v e d ,  i n  o r d e r  
t o  a v o i d  u n a c c e p t a b l e  dependence  on f o r e i g n  s u p p l y .  L i s t  i n '  
f a c t  a r g u e s  t h a t  t h e  c a p a b i l i t y  t o  a c t  i s  as i m p o r t a n t  a s  t h e  
f r u i t s  o f  a c t i n g - - p r o d u c t i v e  power i s  " i n f i n i t e l y  more impor- 
t a n t  t h a n  w e a l t h  i t s e l f " .  Many c o u n t r i e s ,  f o r  example ,  m i g h t  
wish  t o  t a k e  a d v a n t a g e  o f  c h e a p  i m p o r t s  w h e n . a v a i l a b l e - - w h e t h e r  
o f  o i l ,  o r  c o a l ,  o r  f o o d ,  o r  m a n u f a c t u r e d  p r o d u c t s - - b u t  a t  t h e  
same t i m e  i n s u r e  t h e m s e l v e s  a g a i n s t  f u t u r e  p o t e n t i a l  s u p p l y  
d i s r u p t i o n  by m a i n t a i n i n g  a d o m e s t i c  c o a l  i n d u s t r y ,  a g r i c u l t u r e ,  
and m a n u f a c t u r i n g  c a p a b i l i t y .  S i m i l a r l y  a t  company l e v e l ,  
s t r a t e g i c  f l e x i b i l i t y  would i n d i c a t e  as d e s i r a b l e  t h e  m a i n t e -  
nance  o f  c a p a b i l i t y  i n  a b r o a d e r  s p r e a d  o f  s k i l l s  o r  t e c h n o l o g i e s  
t h a n  are  f u l l y  r e q u i r e d  by t h e  c u r r e n t  a c t i v i t i e s .  3 u t  t h e  
l o g i c  o f  t h e  l e a r n i n g  c u r v e  i s  t h a t ,  a t  l e a s t  r e l a t i v e l y ,  t h e  
h i g h e s t  c a p a b i l i t y  i s  s u s t a i n a b l e  o n l y  by t h o s e  a c t i v e l y  
engaged.  C a p a b i l i t i e s  p u t  i n t o  c o l d  s t o r a g e  f r e e z e  t o  d e a t h .  
4.4 Learning and Levels 
Some of the confusion which surrounds the discussion of 
learning curve may be removed by a more explicit consideration 
not only of the nature of the learning process, but of the 
different levels on which it can occur. Following Cantley and 
Glagolev's discussion of the levels on which "problems of 
scaleR may be considered, we distinguish: 
1. The unit level: a single piece of equipment, or 
single-train process plant, or product-line, 
2. The plant level: a single plant or factory, which 
may contain several level 1 entities, 
3. The organization or company level: typically the 
multi-plant firm, 
4. The industry level: comprising all the firms within 
the industry (possibly within one country or market), 
5. The societal level: the wider society within which 
the manufacturing and marketing of the goods takes 
place. 
Figure 2 summarizes these levels in a manner which indicates 
a typical member of each level lying within the next higher 
level--e.g., one blast furnace within one steelworks of a steel 
company which is one of several in that industry, the industry 
being one sector of the larger economy and society. While 
reality would complicate the picture, with diversified firms 
and multi-national industries, the figure serves as framework 
for a number of arrows representing information transfer, or 
"learning". They are of three kinds. 
1. The circular arrows represent learning occurring 
cumulatively over time within a particular entity on 
its own level. 
2. The vertical arrows represent transfer of infornation 
or knowhow between ievels. 
3. The horizontal arrows represent transfer between an 
entity and other entities on the same level--whether 
or not within the same higher level. 
To and 
from 
other 
p entities 
on same 
level 
Figure 2. Levels and Directions of Learning, or Information 
Transfer. 
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In spite of the over-simplicity of the diagram, the forty- 
three arrows of Figure 2 represent the many different inter- 
pretations and answers which might be offered in response to 
INDUSTRY 
*Since this paper was Grafted, we have discovered and been 
struck by the remarkable similarity of Figure 2 to that which 
the American sociologist, Amitai Etzioni, developed and 
described as "Dimensions of a Macro-Sociology of Knowledge". 
As he expresses it: "Societal units produce knowledge and use 
it collectively. Knowledge does not exist only in the minds 
of individuals; like other societal assets, knowledge is 
stored in collective facilities (from libraries to computer 
tapes), is made available for collective action (as when an 
organization retains experts), and is shifted from the service 
of one societal goal to the service of another e.g. by 
transfering a large contingent of laboratory employees from 
the service of the United States Army to that of the national 
Aeronautics and Space Agency. Though knowledge is an unusual 
asset in that it is a set of smbols rather than objects, 
we suggest that it is nevertheless fruitful to view it as an 
asset and to study the production, processing, and consumption 
of knowledge as societal activities". In: Etzioni, A. (1968) 
The Active Society: A Theory of Societal and Political Pro- 
cesses. Collier-Mamillan Ltd., London and The Free Press, 
New York. 
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t h e  q u e s t i o n ,  "Who l e a r n s  what?"  Al though n o t  e x h a u s t i v e ,  
t h e  f o l l o w i n g  examples  o f  t y p e s  o f  l e a r n i n g  a r e  a t  l e a s t  i n d i e -  
a t i n g  r e p r e s e n t e d  o n  t h e  d iagram.  
A t  l e v e l  1 ,  t h e  c i r c u l a r  a r r o w  r e p r e s e n t s  t h e  l e a r n i n g  
t y p i c a l l y  documented i n  e m p i r i c a l  s t u d i e s  o f  t h e  l e a r n i n g  c u r v e :  
a  s i n g l e  g r o u p  o r  t eam,  working on t h e  same produc t '  (more o r  
l e s s ) ,  and  improv ing  w i t h  p r a c t i c e  and /o r  w i t h  i n n o v a t i o n s ,  
p a r t i c u l a r l y  i n  method;  t h e s e  c o u l d  i n c l u d e  increases o f  s c a l e .  
The v e r t i c a l  a r r o w  between l e v e l s  1  a n d  2 r e p r e s e n t s  t h e  
a c q u i s i t i o n ,  r e s u l t i n g  from t h e  l e v e l  1 a c t i v i t y ,  o f  e x p e r i e n c e  
r e l e v a n t  t o  t h e i r  f u n c t i o n s  by t h e  s u p e r v i s o r y ,  m a n a g e r i a l ,  
t e c h n i c a l  s u p p o r t  a n d  o t h e r  services a t  f a c t o r y  l e v e l .  Such 
s t a f f  c o u l d  b e  t r a n s f e r r e d  t o  o t h e r  f a c t o r i e s  i n  t h e  company, 
c o u l d  l e a v e  t h e  company, t a k e  t h e i r  know-how t o  o t h e r  i n d u s t r i e s ,  
o r  e m i g r a t e ;  a l l  t h e s e  p o s s i b i l i t i e s  a r e  i n c l u d e d  i n  t h e  h o r i -  
z o n t a l  a r r o w ( s )  a t  l e v e l  2 .  
S i m i l a r l y  a l l  t h e  a r r o w s  i n  t h e  d i a g r a m  have  t h e i r  i n t e r -  
p r e t a t i o n .  A t  t h e  s o c i e t a l  l e v e l  o n e  c o u l d  c o n s i d e r  t h e  f o r n a l  
e d u c a t i o n a l  s y s t e m  a n d  c u r r i c u l a ,  t h e  c a p a b i l i t i e s  and  q u a l i f i -  
c a t i o n s  o f  t h e  l a b o r  f o r c e ,  s o c i a l  and c u l t u r a l  a t t i t u d e s  t o  
work, government  p o l i c i e s  a f f e c t i n g  i n d u s t r y ;  i n  s h o r t ,  a l l  
t h o s e  f a c t o r s  i n  t h e  e n v i r o n m e n t  which may f a c i l i t a t e  o r  i n h i b i t  
t h e  a c q u i s i t i o n ,  m a i n t e n a n c e  and t r a n s f e r  o f  c a p a b i l i t i e s  on  
e a c h  l e v e l .  
The r e l e v a n c e  t o  l e a r n i n g  o f  t h e  b r o a d e r  env i ronment  i s  
most  r e a d i l y  p e r c e i v e d  when o n e  c o n s i d e r s  e i t h e r  a company 
d i v e r s i f y i n g  i n t o  a n  i n d u s t r y  u n f a m i l i a r  t o  it,  o r  i n n o v a t i o n s  
p i o n e e r i n g  a t o t a l l y  new f i e l d ,  o r  a company t r y i n g  t o  s t a r t  
o p e r a t i o n s  i n  a n  i n d u s t r i a l l y  underdeve loped  c o u n t r y .  De lay ing  
o r  i n h i b i t i n g  f a c t o r s  i n  t h e  l a s t  case m i g h t  i n c l u d e :  
1 .  L i n g u i s t i c  and  c u l t u r a l  d i f f e r e n c e s  
2 .  The a b s e n c e ,  o r  c o s t  o f  c r e a t i o n ,  o f  p h y s i c a l  and 
a d m i n i s t r a t i v e  i n f r a s t r u c t u r e  
3. D i f f e r e n c e s  i n  n a t u r a l  env i ronment :  cl imate,  
t e r r a i n ,  r e s o u r c e  endowments 
4 .  E x i s t i n g  i n v e s t m e n t  i n  i n c o m p a t i b l e  equ ipment .  
P l a n n i n g  o f  f e a s i b l e  t r a j e c t o r i e s  f o r  development  r e q u i r e s  
c o n s i d e r a t i o n  o f  s e q u e n c i n g  which t a k e s  a c c o u n t  o f  t h e s e  l i n k s  
and dependencies- -a  p o i n t  w e l l  d i s c u s s e d  by V i e t o r i s z  ( 1 9 7 4 ) .  
On t h e  o t h e r  hand,  i n  t h e  i n d u s t r i a l l y  d e v e l o p e d  c o u n t r i e s  
and f o r  s e c o n d a r y  i n d u s t r i e s ,  Keynes w a s  a b l e  as  l o n g  a g o  as 
1933 t o  o b s e r v e  t h a t :  
" E x p e r i e n c e  a c c u m u l a t e s  t o  p r o v e  t h a t  m o s t  modern p r o c e s s e s  
o f  m a s s  p r o d u c t i o n  c a n  b e  pe r fo rmed  i n  m o s t  c o u n t r i e s  and 
climates w i t h  almost e q u a l  e f f i c i e n c y " ,  
though  h i s  o b s e r v a t i o n s  f a i l e d  t o  a n t i c i p a t e  t h e  e x t e n t  of t h e  
scale economies  which were t o  d e v e l o p  i n  such  f i e l d s  a s  cars,  
a e r o - e n g i n e s  o r  s e n i - c o n d u c t o r s .  The d i s t i n c t i o n  be tween  
l e v e l s  2 and 3  ( f a c t o r y  and company) i s  i m p o r t a n t :  m a n u f a c t u r -  
i n g  economies  o f  scale may b e  modest  enough t o  a l l o w  many c a r  
assembly  p l a n t s ;  b u t  t h e  development  costs o f  new e n g i n e s  or  
g e a r b o x e s ,  and  t h e  c r e a t i o n  o f  a  g l o b a l  d e a l e r  and s u p p o r t  
ne twork ,  may i n d e e d  r e d u c e  t h e  number o f  companies  t o  A g n e l l i ' s  
1968 f o r e c a s t  o f  h a l f  a  dozen  i n  t h e  w o r l d .  
4 .5  A C l o s e r  Look a t  t h e  L e a r n i n g  P r o c e s s  
R e t u r n i n g  t o  what  is  happening i n  t h e  l e a r n i n g  p r o c e s s e s  
summarized by t h e  " c u r v e "  o f  improving p e r f o r m a n c e ,  it is p r e -  
d o m i n a n t l y  i n  terms o f  t h e  p r i m a r y  l e a r n i n g  and p l a n t  m o d i f i c a -  
t i o n s  t h a t  t h e  g a i n s  are made. The d e l i b e r a t e  c o d i n g  o f  t h e  
know-how i s  n o t  g e n e r a l l y  made i n  g r e a t  d e t a i l ,  p e r h a p s  no  more 
t h a n  i s  r e q u i r e d  f o r  s p e c i f i c a t i o n  o f  o p e r a t i o n s  on  a s t a n d a r d  
c o s t  c a r d .  A s  volume expands  and l a b o r  i s  r e c r u i t e d ,  o r  a d d i -  
t i o n a l  m a n u f a c t u r i n g  c e n t e r s  are t o  b e  s t a r t e d  f o r  t h e  same 
p r o d u c t ,  it becomes n e c e s s a r y  t o  i n s t i t u t e  more s y s t e m a t i c  
t r a i n i n g  programmes, a n d  t h e r e f o r e  n e c e s s a r y  t o  make t h e  b e s t  
p r a c t i c e  more e x p l i c i t .  A t  t h e  same t i m e ,  d i s c i p l i n e s  s u c h  a s  
work measurement ,  method s t u d y ,  v a l u e  e n g i n e e r i n g  a n d  produc-  
t i o n  e n g i n e e r i n g  a r e  b r o u g h t  t o  b e a r  o n  b o t h  t h e  p r o d u c t  and 
t h e  p r o c e s s  t o  a c h i e v e  f u r t h e r  g a i n s  i n  e f f i c i e n c y .  
As experience accumulates, the capability has become 
developed in the following ways: 
-- the primary skills of the experienced direct labor; 
-- the physical equipment, now fully de-bugged, run in, 
tried and tested; 
-- the experience of supervisory, ancillary, managerial 
and administrative aspects (e.g., maintenance require- 
ments, appropriate working conditions, recording proce- 
dures, standard costs)--embodied in both people and 
written procedures; 
-- training programmes for additional labor (experienced 
people, written procedures and appropriate materials); 
-- blue-prints for the physical equipment. 
These aspects of capability are not confined to the direct 
workforce, but may include suppliers of materials, components 
and services who will necessarily have been exposed to the 
learning process; a theme we return to in section 4.6. 
The learning curve has been propagated almost as though 
it represented an inexorable law, that whenever cumulative 
output doubles, unit costs decline by xX, x being a constant 
characteristic of the product. More carefully, some industri- 
alists stress that it represents the potential improvement in 
performance, under conditions of sufficient pressure. There is, 
however, something intrinsically implausible about continuing 
improvement in a wholly repetitious task: one can shear only 
a finite number of sheep in a lifetime, and presumably one's 
speed reaches a maximum after the first few hundred. 
In manufacturing processes, however, few tasks of signi- 
ficant complexity are so wholly repetitious as may at first 
sight appear, even on the nost mass-produced and apparently 
standardized product. For example, when the owner of a mass- 
produced car wants a spare part, he will often have to quote 
the year or even the engine or chassis number, indicating that 
there have been some changes during the production of the same 
standard model. Even within the same product and part there 
will have been many possibilities for minor changes in the 
m a n u f a c t u r i n g  p r o c e s s - - s u p p l i e r  c h a n g e s ,  v a l u e  e n g i n e e r i n g  o f  
t h e  d e s i g n ,  method s t u d y  and work measurement  a p p l i e d  t o  t h e  
assembly  p r o c e s s ,  r i g h t  down t o  i n d i v i d u a l s  a c q u i r i n g  p r a c t i c e  
t h r o u g h  t h e  p r o c e s s e s  of  p r i m a r y  l e a r n i n g .  
F i g u r e  3 r e p r e s e n t s  wha t  t h e  " t r u e "  l e a r n i n g  c u r v e  would 
l o o k  l i k e ,  i f  anyone b o t h e r e d  t o  make t h e  n e c e s s a r y  d e t a i l e d  
o b s e r v a t i o n s .  Few r e s e a r c h  s t u d i e s  d o ,  o r  c a n ,  go  i n t o  t h e  
m i c r o s c o p i c  d e t a i l  e n v i s a g e d  i n  F i g u r e  3 ( b ) .  However, i n  
f u r t h e r  r e s e a r c h ,  it may b e  i m p o r t a n t  t o  a p p r e c i a t e  t h e  s t e p -  
w i s e  n a t u r e  o f  t h e  l e a r n i n g .  F o r  i n s t a n c e ,  t h e  ea r l i e r  p e r i o d  
i n  F i g u r e  3 ( b )  would b e  c h a r a c t e r i z e d  by h i g h e r  f r e q u e n c y  of 
i n n o v a t i o n ,  a n d  a l a r g e r  s t e p  s i z e ;  t h e  l a t e r  p e r i o d s ,  by l o w e r  
f r e q u e n c y  and smaller improvements .  The f r e q u e n c y  m i g h t  b e  
s u s c e p t i b l e  t o  management p r e s s u r e ,  t h e  i n h e r e n t  p o t e n t i a l  f o r  
improvement less so, e x c e p t  i n s o f a r  as p r i o r  r e l e v a n t  e x p e r e i n c e  
c a n  b e  t r a n s f e r r e d ,  e n a b l i n g  p r o d u c t i o n  t o  s t a r t  " w e l l  down t h e  
c u r v e m - - a s  though  x  t h o u s a n d  of t h e  new p r o d u c t  had  a l r e a d y  
been made. 
A s  a  r i c h  example of  a  " l e a r n i n g "  p r o c e s s  i n  a " c o n p l e x "  
t a s k ,  c o n s i d e r  t h e  d i a g r a m  F i g u r e  4 i n  which Waddington ( 1 9 7 3 )  
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summarizes t h e  p r o g r e s s i v e l y  i n c r e a s i n g  e f f e c t i v e n e s s  w i t h  
which German submarines  w e r e  d e s t r o y e d  by B r i t i s h  C o a s t a l  
Command a i r c r a f t  d u r i n g  World War 11. The example is  pe rhaps  
t o o  r i c h ,  i n  t h a t  t h e  submarines  cou ld  a l s o  l ea rn- - they  d i d  do 
some e x p e r i m e n t a t i o n ,  e . g . ,  w i t h  s t a y i n g  s u r f a c e d  and f i g h t i n g  
back,  and t h e r e  was a t e c h n o l o g i c a l  b a t t l e  o f  r a d i o  d e t e c t i o n  
and l i s t e n i n g  d e v i c e s .  B a s i c a l l y ,  however, t h e  U-boats w e r e  
c o n s t r a i n e d  by t h e  r e q u i r e m e n t s  o f  t h e i r  o p e r a t i o n a l  t a r g e t s ,  
t h e i r  ba se  l o c a t i o n  and t h e  t echnology  o f  t h e i r  d i e s e l - g e n e r a t o r s  
and b a t t e r i e s ( p b 1 i g i n g  them t o  s u r f a c e  f o r  a  c e r t a i n  number of 
h o u r s ) .  Thus w i t h i n  t h e  t ime-per iod  cove red ,  o p e r a t i o n a l  and 
t a c t i c a l  i n i t i a t i v e  l a y  l a r g e l y  w i t h  t h e  a t t a c k e r s .  
Given t h e  s e r i o u s  and growing l o s s  of  B r i t i s h  s h i p p i n g  
d u e  t o  t h e  submar ines ,  t h e  p r e s s u r e  t o  l e a r n  w a s  maximized. A s  
Waddington d e s c r i b e s  t h e  s i t u a t i o n ,  o r g a n i z a t i o n a l  c o n s t r a i n t s  
on l e a r n i n g  were minimized-- innovat ive  behav io r  w a s  p r i z e d ,  and 
communication between p i l o t s ,  s e n i o r  o f f i c e r s  and o p e r a t i o n a l  
r e s e a r c h  s c i e n t i s t s  w a s  e x t e n s i v e  and u n i n h i b i t e d .  Waddington 
i d e n t i f i e s  t h i s  a s p e c t  as one  of t h e  two most  impor t an t  l e s s o n s  
( t h e  o t h e r  b e i n g  a d e q u a t e  s t a f f )  of t h e  w a r - t i m e  e x p e r i e n c e ,  
i n  h i s  f i n a l  summary: 
" . . . t h e  e n t i r e  development o f  t h e  complex and i n t e r r e l a t e d  
body o f  s c i e n t i f i c  d o c t r i n e  was gu ided  a t  eve ry  s t e p ,  n o t  
s o l e l y  by t h e  s c i e n t i s t s  who d i d  t h e  a c t u a l  t h i n k i n g  and 
c a l c u l a t i n g ,  b u t  t o  a t  l e a s t  a s  l a r g e  an e x t e n t  by t h e  
s e n i o r  S t a f f  O f f i c e r s  whose needs  t h e  s c i e n t i s t s  w e r e  
t r y i n g  t o  s e r v e .  The r e l a t i o n  between t h e  s c i e n t i s t s  and 
S r a f f  w a s  one  of a lmos t  unblemished c o o p e r a t i o n  and t r u s t .  
I f  t h i s  had f a i l e d  on e i t h e r  s i d e ,  O p e r a t i o n a l  Research 
a s  C o a s t a l  Command knew it would have been i n p o s s i b l e .  
I f  t h e  s c i e n t i s t s  had n o t  been t a k e n  comple te ly  i n t o  t h e  
Commander-in-Chief's c o n f i d e n c e ,  i f  t h e y  had n o t  s a t  i n  
a t  h i s  most p r o f e s s i o n a l  and c o n f i d e n t i a l  c o n f e r e n c e s  
b u t  had been fobbed o f f  a t  lower l e v e l  d i s c u s s i o n s ,  t k e y  
would have l e a r n t  o n l y  t o o  l a t e  of  t h e  impor tance  of  rnany 
of t h e  s u b j e c t s  t o  which t h e y  made c o n t r i b u t i o n s  o f  some 
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value. Or again if the scientists had not spontaneously 
offered their views, as equals and not as mere servants 
of the Staff, many of their contributions would have been 
missed, since it is only the man trained in scientific 
th0ugh.t who can see to which problems it can be applied. 
The credit for incorporating the scientists thus fully 
into the Command team belongs in rather small measure to 
the O.R.S. itself; beyond exercising a reasonable tact, 
there was little they could do about it. It was the 
readiness of the professional Air Force officer, given 
the lead by the Con~anders-in-Chief, to acknowledge the 
value of the scientists' professional training, which alone 
made possible the whole success of Operational Research." 
If we replace the step-wise pattern of Figure 4 by a 
continuous curve, it might represent a generalization, but it 
is clear that we would be losing not only "random noise", but 
might also be losing specific understanding of the nature of 
the process. 
So far, our discussion has tended to be conducted mainly 
in terms of manufacturing capability. It is at this level that 
most of the well-documented studies in the literature have 
reported and quantified learning effects. However, we have 
deliberately introduced Waddington's example of increasing 
effectiveness, not only because it illustrates in detail the 
stepwise nature of the process, but because the learning process 
here included a broad range of activities, from the pilots and 
crews in the aircraft, to the base commanding officers and 
strategists, and the operational researchers. It thus spans 
several of the levels of Figure 2, and the experience went 
further still. 
The postwar diffusion of operational research in the U.K. 
reflects the conclusion, by those closely involved with it in 
the military context, that they had acquired or stumbled upon 
an approach and an outlook of wider applicability. Thus it is 
evidence of a learning process abstracted from the primary 
activity, upwards to levels 4 and 5 and horizontally between 
entities on these levels. Throughout industry and government, 
indeed enshrined in the customs of many societies both indus- 
trial and primitive, there is a widespread belief that age and 
experience do provide some accumulation of wisdom. The general 
validity of this assumption has not often been put to specific 
or empirical test; on a priori grounds, one might expect its 
validity to be very much dependent on the constancy of environ- 
mental conditions. But it demonstrates a belief in the acqui- 
sition through practice of general skills, having application 
beyond the specific contexts within which they were first 
acquired. This again represents transfer on the upward 
vertical arrows of Figure 2. 
That this belief may be inappropriate for volatile environ- 
ments is also well-documented, particularly where a rigid and 
formal organization becomes insensitive to the need continually 
to be receptive to changes in conditions. The belief of mili- 
tary chiefs in Britain, France and Poland, as late as the 1930~1 
in the superiority of cavalry over tanks, in spite of the 
available evidence, is a grim example (Liddell Hart, 1970). 
The recognition of acquired capability in the Waddington 
case is most eloquently testified to by the Ministry of Defence's 
refusal to give clearance to his book, written in 1946, until 
1973. 
4.6 Networks of Capability 
We now consider more carefully some characteristics of 
the nature of capability, and in what it resides. Its develop- 
ment is stimulated by need or incentive. It is maintained and 
increased by exercise, and can atrophy if not used. Capability 
in manufacturing almost any moderately complex product comprises 
a network of more specific capabilities, the finest elements of 
the network comprising individual people of specific skills, 
individual units of plant or their components, and stored 
information. Many--indeed most--of these elements will not be 
within the one organization; the network includes suppliers, 
and supplier's suppliers. 
The specific capabilities could be listed; what gives 
them "network" form is their assembly in a specific configura- 
tion for a specific purpose--particularly, the purpose of 
manufacturing a certain class of products. 
The network links could represent the flows between 
capability centers of materials of various kinds characteristic 
of this manufacturing activity; or the flows of information 
associated with this manufacturing. Where the information 
flows, so does the potential for learning. 
Suppose we have a certain complex product, whose manufac- 
ture requires the manufacture and assembly of several components 
and sub-systems . 
Each of these components or sub-systems is typically 
associated with one or more functions, and provides a specifia- 
ble level of performance of that function. It may also have 
physical, economic and other attributes. 
* 
If the whole product is changed--e.g., to produce higher 
performance or other changed attributes--this has to be achieved 
by changing one or more of the components or sub-systems. If 
we consider a wide range of possible types of change, we are 
likely to discover that changes in one component or sub-system 
require changes in another, rippling throughout a larger area 
of the network--though it will be inconvenient if minor changes 
create major disturbances. Indeed it would be an object of 
modular design to avoid this. 
A diagram representing th.e connections can indicate which 
sub-systems are logically closely connected in the sense that 
a change in one usually or typically requires a change in the 
other. Figure 5  is a much-si~plified example based on one 
author's experience of wire-drawing machinery. It is important 
in considering technological capability, particularly for 
complex manufactures, of this inherently network-like charac- 
teristic. Some of its significant implications are these: 
-- The technological capabilities of the firms in a country 
will be positively correlated by their common sources 
of bought-out services and materials, however much the 
managerial and design capabilities of the firms differ. 
-- It will be difficult to establish a complex high 
technology manufacturing establishment in an environ- 
ment lacking the supporting services and supplies 
available in the original location. 
-- Technological development will require a trajectory 
in which the supporting infrastructure has the necessary 
coherence; insofar as the latter is lacking, the centers 
of development will have an isolated character, lacking 
linkage or integration in the host society, dependent 
on imported sources (of supplies, or skills), and both 
vulnerable to disruption (if sources are remote) and 
disruptive to the host society (through its imposition 
of unfamiliar and/or infeasible demands). 
The relationship of the network character of capabilities 
to the concepts already introduced, of learning and multi-level 
information transfer, will be evident. 
5. POLICY IMPLICATIONS AYD ILLUSTRATIONS 
5 . 1  Specialization and Flexibility 
Primary learning at level 1  has close similarities to the 
biological moiiel of specialization of function for increase of 
efficiency in the individuals of a species. Survival and 
prosperity also depend upon the joint behavior of the species 
in its living activities, and the evolution of patterns of 

s o c i e t a l  b e h a v i o r  c o r r e s p o n d s  t o  t h e  " l e a r n i n g "  b e h a v i o r  o f  
t e c h n i c a l  o r  s o c i a l  sys tems  from l e v e l  2 upwards,  i n  t h e  t e r m s  
o f  F i g u r e  2 .  
However, l e a r n i n g  a t  a l l  l e v e l s  c a n  d i m i n i s h  c a p a b i l i t y  
i n  two o t h e r  p o t e n t i a l l y  s i g n i f i c a n t  r e s p e c t s .  F i r s t l y ,  a s  
p h y s i c a l  p l a n t  becomes p r o g r e s s i v e l y  more s p e c i a l i z e d ,  by 
d e f i n i t i o n  it i s  becoming less c a p a b l e  of  b e i n g  used  f o r  any 
o t h e r  t y p e  o f  p r o d u c t i o n .  
Secondly ,  by p r o c e s s e s  of h a b i t u a t i o n ,  t h e  human r e s p o n s e s  
a t  a l l  l e v e l s  from d i r e c t  l a b o r  t o  s u p e r v i s o r y  and m a n a g e r i a l  
a r e  l i k e l y  s i m i l a r l y  t o  become s t r o n g l y  a t t a c h e d  t o  t h e  p r o d u c t s ,  
p r o c e s s e s  and sy s t ems  i n  which t h e y  have i n v e s t e d  t i m e  and 
e f f o r t .  These  ach i evemen t s  a r e  th .e  d e m o n s t r a b l e  o u t p u t  of 
t h e i r  e f f o r t s  and  j u s t i f i c a t i o n  f o r  t h e i r  s t a t u s ,  and t h e y  
may t h e r e f o r e  n a t u r a l l y  become i n c r e a s i n g l y  r e l u c t a n t  t o  
abandon them, and  r e s i s t a n t  t o  r a d i c a l  i n n o v a t i o n .  
Tha c a p a b i l i t y  t o  respond  t o  env i ronmen ta l  change i n c l u d e s  
b o t h  t a k i n g  a d v a n t a g e  of  change ,  by a p p r o p r i a t e  a d a p t a t i o n  o r  
development  t o  s u i t  t h e  new s i t u a t i o n ;  and  min imiz ing  t h e  
damage caused  by change .  Many words have  been u sed  f o r  t h e  
l a t t e r  a b i l i t y - - r e s i l i e n c e ,  r o b u s t n e s s ,  d e f e n s i v e  f l e x i b i l i t y - -  
by a u t h o r s  i n  a  v a r i e t y  of  d i s c i p l i n e s .  I n  t h e  c o n t e x t  of  h i g h  
t echno logy  sy s t ems  o f  which h i g h  pe r fo rmance  and r e l i a b i l i t y  
a r e  demanded, a  u s e f u l  term and  c o n c e p t  i s  t h a t  of t h e  r e v e r -  
s i o n a r y  modes o f  o p e r a t i o n  o f  t h e  sys tem.  Fo r  example,  i n  
n a v i g a t i o n  sy s t ems  f o r  a i r  t r a n s p o r t ,  s e v e r a l  methods  o f  
e s t a b l i s h i n g  p o s i t i o n  a r e  t y p i c a l l y  p r o v i d e d .  If t h e  normal  
or  p r e f e r r e d  mode b r e a k s  down, t h i s  redundancy e n a b l e s  t h e  
crew immedia te ly  t o  switch t o  an  a l t e r n a t i v e .  Even i f  two o r  
more f a i l u r e s  o c c u r ,  t h e  c rew c a n  s t i l l  r e v e r t  t o  o t h e r  pro-  
c e d u r e s  and a r e  t r a i n e d  t o  do  s o .  S i m i l a r l y  p i l o t s  a r e  t r a i n e d  
t o  cope w i t h  many emergency c o n d i t i o n s  such  a s  t h e  f a i l u r e  o f  
onc  o r  more o f  t h e  e n g i n e s  on a  m u l t i - e n g i n e  p l a n e .  
In manufacturing organization, there are many ways in 
which flexibility in the face of shocks can be consciously 
developed: second sources for all key supplies (i.e., redun- 
dancy in the capability network--sound ecology), stockpiles of 
essential components and supplies. The development of flexi- 
bility in manufacturing capability tends to be antithetical to 
the processes of specialization involved in learning. The 
capability is likely to reside at a level above the specialist 
operations of the product-line. 
The need to develop flexibility, reversionary modes of 
operation and the like is determined mainly by the characteris- 
tics of the external environment. One can contrast two species 
and two sets of environmental characteristics as shown in 
Figure 6. For simplicity, we suppose some single measure of 
performance related to survival, such as food-gathering 
efficiency. 
At the level of the organization, a discussion of how to 
describe, and what constitutes, strategic flexibility would 
lead naturally into the literature of strategic planning and 
management. Ansoff (1965), in particular has used the grid 
shown in Figure 7, in three modes. 
Figure 6. Illustrating the relationship between performance 
capability and the characteristics of the 
environment 
Performance 
characteristics 
Group A 
High variance (therefore 
more individuals away 
from the optimum) 
Group B 
Low variance, around 
Environnent characteristics 
Stable 
Can survive, 
but inferior to 
in total 
performance 
Ideal optimum 
Prone to 
sudden change 
Higher prospect 
of adaptability 
and survival 
Risk of 
catastrophic 
collapse 
1. As a "'capability profile", it can be used as a 
framework for giving an objective view of an 
organization, 
2. In the context of a specific product-market, it can 
be used to specify the "competitive profile" of the 
industry--by reference either to ideal standards, 
or to the existing firms in this sector, 
3. By super-posing the "capability profile" of the 
company on the "competitive profile" of the industry, 
the succession of comparisons highlights the strengths 
and weaknesses of the firm in relation to the product- 
market under consideration. 
While this type of analysis will clearly tend to be 
dominated by physical plant capabilities and locations and 
financial resources, both the plant and the existing skills 
resources Facilities 
\ I and Functional\ 
area \ I  Equipment 
General 
management 
and finance 
capabili- 
Organi- Management 
Personnel ' zational capabili- 
skills ties 1 ties 
Marketing 
Research 
and 
development , I 
Figure 7. Grid of competences, for assessing capability of 
firm, competitive profile for an industry, or firm's 
strengths and weakness 
Source: Ansoff 1965. 
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Operations I 1 I 
of p e r s o n n e l  r e p r e s e n t  t h e  p h y s i c a l  and human forms o f  know- 
how. Thus a t  i t s  b r o a d e s t ,  t h e  p r o c e s s e s  of  l e a r n i n g  a r e  s e e n  
a s  c e n t r a l  t o  t h e  p r o c e s s e s  o f  s u r v i v a l  and s t r a t e g y .  The 
s t r a t e g i c  s i g n i f i c a n c e  of  a  weak i n f o r m a t i o n  s t r a t e g y  w i l l  be  
i l l u s t r a t e d  by example i n  t h e  f o l l o w i n g  s e c t i o n .  
5 . 2  On "Learn ing  by Doing" and t h e  P u r s u i t  o f  Understanding--  
A H i s t o r i c a l  Counter-Example 
A l l  l e a r n i n g  o r i g i n a t e s  i n  p r a c t i c e ,  t h rough  t h e  forms w e  
have termed p r imary  l e a r n i n g  and t r a n s m i s s i o n .  I f  t h i s  i s  
viewed as t h e  o n l y  form of e f f e c t i v e  l e a r n i n g ,  it can  become 
a  b l i n d  a l l e y .  B a r n e t t  ( 1 9 7 8 )  h a s  documented t he '  p rofoundly  
d e b i l i t a t i n g  consequences  of  B r i t a i n ' s  n e g l e c t  of  fo rmal  t e c h -  
n i c a l  e d u c a t i o n  d u r i n g  t h e  n i n e t e e n t h  c e n t u r y .  The n e g l e c t  
was r e p e a t e d l y  r e c o g n i z e d  by s u c c e s s i v e  commissions o f  e n q u i r y ,  
such as t h e  Schools  Enquiry  (.Royal) Commission i n  1868:  
"We are bound t o  p o i n t  o u t  t h a t  o u r  ev idence  a p p e a r s  t o  
show t h a t  o u r  i n d u s t r i a l  c l a s s e s  have n o t  even t h e  b a s i s  
o f  sound g e n e r a l  e d u c a t i o n  on which a l o n e  t e c h n i c a l  educa- 
t i o n  can  r e s t . "  
These  warnings  d i d  n o t  l e a d  t o  e f f e c t i v e  a c t i o n ,  because  
t hey  r a n  c o u n t e r  t o  t h e  p r e v a i l i n g  ph i lo sophy  of  l i b e r a l  i n d i v i -  
dua l i sm  and s e l f - h e l p .  The " l e a r n i n g  by do ing"  ph i lo sophy  w a s  
expounded by t h e  "Economist" (-1 8 50 ) : 
" . . . t h e  e d u c a t i o n  which f i t s  men t o  per form t h e i r  d u t i e s  
i n  l i f e  i s  n o t  t o  be  g o t  i n  s c h o o l ,  b u t  i n  t h e  coun t ing -  
house and l a w y e r ' s  o f f i c e ,  i n  t h e  shop o r  t h e  f a c t o r y . "  
(Quoted  by B a r n e t t . )  
The more d e l i b e r a t e  development by o t h e r  c o u n t r i e s  of  
fo rmal  t e c h n i c a l  educa t ion- - for  example i n  t h e  S w i s s  and German 
po ly t echn ic s -p rov ided  a  much sounder  b a s i s  f o r  con t inued  dev- 
e lopment  o f  i n d u s t r i a l  o r  t e c h n o l o g i c a l  c a p a b i l i t y .  I t  l i n k e d  
t h e  p r imary  l e a r n i n g  i n  the f a c t o r i e s  w i t h  t h e  f a c i l i t i e s  and 
t h e  s o c i a l  p r e s t i g e  o f  i n s t i t u t i o n s  r e s p o n s i b l e  f o r  t e c h n i c a l  
e d u c a t i o n ,  and t h e  p r o c e s s e s  of  secondary  l e a r n i n g .  A s  a n o t h e r  
Royal Commission commented i n  1884 of t h e  Geman p o l y t e c h n i c  
sys tem:  
"To t h e  m u l t i p l i c a t i o n  of t h e s e  p o l y t e c h n i c s  may be  
a s c r i b e d  t h e  g e n e r a l  d i f f u s i o n  o f  a high  s c i e n t i f i c  know- 
l e d g e  i n  Germany, i t s  a p p r e c i a t i o n  by a l l  classes of  
p e r s o n s ,  and t h e  adequa t e  - supp ly  of  men competent ,  s o  f a r  
as t h e o r y  i s  concerned ,  t o  t a k e  t h e  p l a c e  of managers and 
s u p e r i n t e n d e n t s  of i n d u s t r i a l  works.  I n  England t h e r e  i s  
s t i l l  a  g r e a t  want of  t h i s  l a s t  class of  pe r son . "  
The h i s t o r y  o f  B r i t i s h  t e c h n i c a l  e d u c a t i o n ,  by c o n t r a s t ,  
shows it much s l o w e r  t o  deve lop  (.see Musgrave 1964) .  Under 
p r e s s u r e  from b o t h  employers concerned  w i t h  t h e  s e c r e c y  o f  
t h e i r  p r o c e s s e s ,  and t r a d e  un ions  concerned  w i t h  t h e  p r o t e c t i o n  
o f  t h e i r  c r a f t s ,  p r a c t i c a l  i n s t r u c t i o n  w a s  t o  be  exc luded  from 
t e c h n i c a l  e d u c a t i o n .  A f t e r  seven  a t t e m p t s ,  i n  1889 t h e  Tech- 
n i c a l  I n s t r u c t i o n  A c t  r eached  t h e  s t a t u t e  book. I t  w a s  
concerned w i t h  
" . . . i n s t r u c t i o n  i n  t h e  p r i n c i p l e s  of  s c i e n c e  and a r t  
a p p l i c a b l e  t o  i n d u s t r i e s ,  and i n  t h e  a p p l i c a t i o n  o f  s p e c i -  
f i c  b r anches  of  s c i e n c e  and a r t  t o  s p e c i f i c  i n d u s t r i e s  o r  
employments. I t  s h a l l  n o t  i n c l u d e  t e a c h i n g  t h e  p r a c t i c e  
o f  any trade o r  i n d u s t r y  o r  employment ..." 
F o r t u n a t e l y  a s  t he  Bryce Commission r e p o r t e d  i n  1895 t h e  
Department of  Educa t ion  w a s  " l i b e r a l  r a t h e r  t h a n  s t r i c t  i n  i t s  
i n t e r p r e t a t i o n " .  
5 .3  I m p l i c a t i o n s  f o r  S t r a t e g y  
One o f  t h e  r e c u r r e n t  themes i n  t h e  h i s t o r y  of i n d u s t r i a l  
s t r a t e g y  is  t h e  f a i l u r e  t o  r e c o g n i z e ,  o r  indeed  t o  b e  a l e r t  
f o r ,  t h e  q u a l i t a t i v e  change,  and t h e  b r o a d e r  c o n t e x t .  A s  p a r t  
of  t h e  p r o c e s s  of sha rpen ing  p e r c e p t i o n  of  t e c h n o l o g i c a l  
change,  w e  have s u g g e s t e d  t h a t  t h e r e  i s  v a l u e  f o r  t h e  u s e r s  o r  
d e v e l o p e r s  of  any technology  i n  s eek ing  t o  i d e n t i f y  i t s  " law 
of growth", its limitations, and the likely future or ultimate 
need for morphogenesis and differentiation. 
Other points following from our analysis would include the 
desirability of incorporating a technological dimension in 
strategic decision-making, and the need for a quantitative and 
structured perception of one's local competitive and strategic 
position. Elements of this are of course already widely 
published, as illustrated for example by ~nsoff's "capabilities 
profile"; but it is equally easy to point to continuing example 
of strategic neglect. 
The policy applications of improved understanding of the 
processes of technological innovation, improvement and learning 
exist at 
1 .  
each level, as illustrated below. 
Improving the operational effici.ency of production 
an existing product. 
Planning and controlling development effort on the 
introduction of "new" processes and products. 
1 and 2 are in fact better viewed as a continuum, rather than 
intrinsically different. 
3. Making strategic choices on directions of development 
of an organization's activities. This encompasses 
maintaining present positions, abandoning some old 
ones, and entering new ones. P7hen we speak of 
"positions" or "activities", we mean not only "product 
rangen and "market sectorN, but the whole spectrum of 
functional abilities which collectively constitute the 
capability to operate in the chosen sector--i.e., the 
network of Figure 6. 
4. Item 3 may be interpreted, 3utatis mutandis, at aany 
organizational levels: 
-- the operating group within a factory 
-- the whole factory 
-- the multi-plant company 
-- the multi-company conglomerate 
-- the industry 
-- the country 
-- the supra-national grouping 
-- world soclety 
although clearly the structures for organizing efforts and co- 
ordinating them vary enormously between these eight groupings. 
It is not only possible but probable that there will be 
conflicts between these functions--the strategic desirability 
of abandoning a sector conflicting with the tendency of those 
operating in it to seek resources for improving their perform- 
ance within it. 
At societal and indeed at global level, we may expect a 
changing balance between the strategic significance of capability 
and of natural resources. The balance is currently shifting 
from the former towards the latter; as time goes on, capability 
becomes more widespread and commonplace on a broader range of 
skills; while natural resources diminish, and become of increas- 
ing value and scarcity. Global long-term studies such as the 
OECD "Interfutures" (19792  may indicate that the developed 
industrial countries can maintain their position, employment 
and living standards by continuously maintaining a lead in high 
skill, high technology new products. On the other hand, insofar 
as these are characteristic potential outputs of any society 
which has moved itself far enough down the cumulative experience 
curve of education and development, one may observe a feature 
of such curves. Two competitors initially separated by one's 
having a finite initial advantage in years or output will see 
the initially wide performance difference diminish to insignifi- 
cance. If the leader stagnates in technological complacency, 
he will be overtaken. 
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